The combined influences of unsteady aerodynamics, dynamics, viscoelasticity and piezoelectricity are studied to determine their interaction and influence on sensing and structural control. Critical parameters are identified and numerical simulations are used to evaluate their sensitivities to system responses and to predict flutter conditions and control.
INTRODUCTION
The present analysis explores the interaction of aerodynamics, dynamics, viscoelastic materials, piezoelectric effects and damping to control and reduce flutter of lifting surfaces. Viscoelastic material characterization is equally applicable to polymers, rubbers, composites and metals at high temperatures (Lazan 1968 , Nashif et al. 1985 . The theory of aeroelasticity is well established and may be found described in detail in such classical texts as Bisplinghoff et al. (1955) , Dowell et al. (1955) and Scanlan & Rosenbaum (1951) to mention only a few. Analyses of viscoelastic damping and aerodynamic effects (Hilton 1957 (Hilton , 1960 (Hilton , 1991 Hilton & Vail 1993; Ungar 1971; Yi et al. 1996) have shown that energy dissipation due to material and/or structural damping may produce either stabilizing or destabilizing contributions to the system's self-excited dynamic motion depending on phase relationships of the state variables. For instance, this phenomenon leads to viscoelastic flutter velocities which are either smaller or larger than corresponding elastic ones for aerodynamically, dynamically and geometrically identical lifting surfaces. On the other hand, creep will eventually produce torsional divergence in lifting surfaces where elastic analysis will predict stable conditions. Finally, recent formulations and analyses of piezo-thermo-viscoelastic effects by Hilton et al. (1997) and Yi et al. (1997) have demonstrated that sufficient power can be generated by viscoelastic piezoelectric light weight material strips to effectively influence and control static and dynamic motion. Only a limited amount of experimental data on piezo-viscoelastic materials is available and may be found in Holloway & Vinogradov (1997) , Perrissinfabert & Jayet (1994) and Vinogradov & Holloway (1997) . (See Hilton et al. (1997) for a more detail discussion of such data.)
ANALYSIS
In order to reduce the number of parameters to a minimum in this pilot study, a rigid lifting surface on a flexible two degree of freedom support ( 
where σ 33 are stress tensors, 33 strain tensors, φ the viscoelastic relaxation functions, φ E the electrical viscoelastic relaxation functions or the piezoelectric stress/charge matrix, φ E D the dielectric permittivity matrix, E the electrical field intensity vector, and D 3 the electric displacement vector.
Structural damping contributions in the joints between bars L 1 and L 2 can be inserted into the relaxation function φ, such that for linear, isotropic, homogeneous viscoelastic materials it is
where E ∞ is the relaxed modulus, 
where L and M further depend on air velocity U or Mach number M , density ρ, lift coefficients and lifting surface area 2ba. The uniform strain in the homogeneous L 2 bars can be determined geometrically as
The flutter condition is defined as the combinations of frequencies ω f and velocities U f which sustain simple harmonic motion with
Eqs. (??) and (??) now reduce to
with the aerodynamic coefficients L i and M i given by Garrick & Rubinow (1946) .
At constant temperature, the governing relations of this flutter system now become
where either D(t) or E(t) or the total displacement of the L 2 rods is prescribed for either structural control or sensing. The effective relaxation function φ for the rods and attached piezoelectric devices is
This linear system can be solved by applying Fourier transforms (FT) to Eqs. (??) through (??) resulting in
is obtained, requiring that its complex determinant vanishes. This leads to its real and imaginary parts being zero, thereby, producing eigenvalue pairs of frequencies 
where ψ E P is the piezoelectric creep function. The isotropic constitutive relations, Eqs. (??), (??) and (??), show that piezo-electro-viscoelasticity requires four distinct relaxation functions for material characterization (structure, piezo device, voltage-deformation). 
Consider a prescribed D(t)
The necessary voltage to maintain the s. h. conditions under which the aerodynamic coefficients are derived is then given by
NUMERICAL SIMULATIONS AND DISCUSSION OF RESULTS
In this pilot study, a fundamental understanding is sought of the coupling of piezo-electric voltages with flutter motion for sensing and/or structural control. In order to reduce the number of parameters to be examined only the angular motion will be considered, although computationally additional DOF do not introduce conceptual difficulties. Eqs. (??) now reduce to 
Most sensitive parameters:
• The most crucial parameters in the 1 DOF system are K α2 to which α a is proportional.
• Secondly both α A and E A are inversely proportional to K D4 .
Note that the parameters c, c 
with
where U and V are respectively the reduced and physical velocities. Theodorsen's function is given by
and where J 0 (k), J 1 (k), Y 0 (k) and Y 1 (k) are Bessel functions of the first and second kind. Similar expressions have been derived for supersonic flows. 
